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Abstract Low-density, transparent aerogels based on a
hexylene-bridged polysilsesquioxane ([O; sSi—(CHj)e—
Si0O; 5],,) network have been prepared for the first time via
a simple sol-gel process. An optimized base-catalyzed one-
step hydrolysis—polycondensation process of a bridged
alkoxysilane precursor 1,6-bis(trimethoxysilyl)hexane in a
low-polarity solvent N,N-dimethylformamide allows for
the formation of a pore structure of a length scale of several
tens nanometers, resulting in low-density, transparent
aerogels after supercritical drying. Because of the incor-
porated organic moiety that bridges the silicon atoms in the
network, these aerogels show higher flexibility and strength
against compression and bending as compared to silica
aerogel counterparts. In addition, minimizing the residual
silanol groups in the network by a surface modification
with hexamethyldisilazane has further improved resilience
after compression and bending flexibility and strength, due
to the decreased chance of the irreversible formation of the
siloxane bonds upon compression. The resulting
trimethylsilylated hydrophobic gels have been subjected to
ambient pressure drying to obtain xerogels, resulting in
low-density (0.13 g cm™>, 90 % porosity), transparent
(71 % transmittance) xerogels. These results are promising
for the development of transparent thermal superinsulators
applicable to window insulating systems that manage heat
transfer in a more efficient way.
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1 Introduction

Aerogels are regarded as a unique class of solid materials
differentiated by low density and high porosity [1-4]. The
typical aerogels based on silica have been studied for more
than 80 years since the first invention by Kistler [5], and
research on their preparation and control over physical
properties is well established [6]. The pursuit of aerogel
materials is still developing, because carefully prepared
aerogels show extremely low thermal conductivity as a
solid material and would contribute to the reduction of
energy consumption if applied as thermal superinsulators
in many aspects in domestic and industrial uses [7, 8]. For
this purpose, however, the following two critical issues in
silica aerogels must be overcome: the low mechanical
properties and the necessity of supercritical drying. The
low mechanical properties such as friability against com-
pression and bending make the handling of aerogels diffi-
cult and discourage the formability, and demining of this
issue in fact can lead to a development of easier drying
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process that does not rely on supercritical fluid at high
pressure (and temperature). A lot of research activities have
been devoted to improve the mechanical properties [9] by
organic—inorganic hybridization involving the use of
organo-substituted silane precursors [10-13] and cross-
linking the surface of functionalized silica backbone with
organic polymers such as epoxides [14], isocyanates [15]
and styrene [16]. Besides successful mechanical improve-
ments, both strategies have encountered several drawbacks,
the major ones of which are enlargement of the pores and
increase in bulk density. The former is typical in the
preparation of aerogels from organo-substituted alkoxysi-
lanes, since the formation of hydrophobic networks induces
macroscopic phase separation to give pores typically in the
micrometer range [17, 18]. The latter is resulted from guest
molecules cross-linked on the pore surface. Visible light
transparency of aerogels is a key factor when considering
applications to thermal superinsulators due to the following
reason; transparency is the result of sufficiently fine pore
and skeleton structures with high homogeneity [19, 20],
and optimized superinsulating ability can be achieved
when the solid- and gas-phase thermal conduction is min-
imized at adequately low bulk density (~0.15 g cm) and
with pore size shorter than the mean free path of molecules
in air (ca. 68 nm for nitrogen at 10° Pa 300 K) [21]. In
other words, when the solid skeleton does not have strong
visible light absorption, transparency can be a useful guide
to envisage the low thermal conductivity. It is also worth
noting that preparation of superinsulating aerogel via
conventional evaporative drying at ambient conditions had
been fairly limited [22] except for granules and powders
[23, 24].

We have been studying organic—inorganic hybrid aero-
gels from organo-substituted alkoxysilane precursors to
improve mechanical properties under the concept that the
main origin of the low mechanical properties can be attrib-
uted to the rigid (not flexible) tetrafunctional polysiloxane
networks in silica gel and to the resultant friability in the neck
part of the solid skeletons of weakly connected colloids [25].
Replacing tetraalkoxysilanes in the sol-gel preparation of
silica aerogels with alkyltrialkoxysilanes is found to give rise
to the appreciable improvement in the mechanical proper-
ties. Through synthetic improvements, we have obtained
low-density, transparent aerogels based on polymethyl-
silsesquioxane (PMSQ, mainly composed of a CH3SiO, 5
random  network) for the first time  from
methyltrimethoxysilane (MTMS) via a two-step acid-base
sol-gel process under the presence of a surfactant, and a
perfect shrinkage—reexpansion (spring-back) behavior has
been observed on uniaxial compression—decompression
[26-29]. The optimized PMSQ aerogel undergoes 80 %
linear compression without cracking or collapsing and
recovers original size and shape after unloaded. This

extraordinary behavior also allows for a successful prepa-
ration of aerogel-like xerogels through evaporative drying
under ambient pressure and temperature. The preparation of
low-density, transparent, superinsulating PMSQ xerogels
has already been established, and large-area xerogel tiles
(such as 250 x 250 x 10 mm?®) can be produced with good
reproducibility [30].

Another interesting precursor for flexible aerogels is bridged
alkoxysilanes [(R'0);Si-R-Si—(OR’);, where R is typically
alkyl or aryl]. The sol-gel research of these precursors was
originated by Shea and Loy [31, 32], and the bridged
polysilsesquioxane network ([O;5Si — R—SiO 5],,) with sur-
factant-templated periodic mesopores is known as periodic
mesoporous  organosilicas (PMOs) [33-35]. Bridged
polysilsesquioxane aerogels from these precursors have also
been a research target because these hexafunctional precursors
can form monolithic gels even at low concentrations like 0.1 M
[36], which is advantageous in preparing low-density solids.
Among typical alkoxysilanes bridged with alkylene, arylene,
and other groups, one with a relatively long and flexible bridging
group, 1,6-bis(trialkoxysilyl)hexane, is an attractive candidate to
impart flexibility to the polysiloxane-based network. Loy et al.
[37, 38] already reported preparations of hexylene-bridged
polysilsesquioxane aerogels with high degree of condensation
and low bulk density of <0.1 g cm™, though aerogels with
transparency and improved flexural strength compared to silica
aerogel counterparts have not been reported. A vapor-phase
chemical modification of resultant aerogels with poly-
cyanoacrylate effectively increased the flexural strength [39],
and compressive modulus and strength were also reported to be
improved by a chemical modification with hexamethyldisi-
lazane (HMDS) or hexachlorodisilane [40]. Other groups
demonstrated preparation and mechanical properties of bridged
polysilsesquioxane porous gels with larger pore sizes typically in
the micrometer range [41-43]. These opaque gels are highly
flexible and can be used for separation of oil and water by
soaking/squeezing with hand.

In the present study, aiming at potential applications to
transparent thermal superinsulators, transparent aerogels
based on hexylene-bridged polysilsesquioxane have been
successfully prepared for the first time, and their mechan-
ical properties have been investigated by uniaxial com-
pression and three-point bending. Differences from silica
aerogel counterparts is discussed to clarify the role of
hexylene bridges in the polysiloxane network.

2 Experimental
2.1 Reagents

N,N-Dimethylformamide (DMF, special grade) trifluo-
roacetic acid (TFA, special grade), 1,1,1,3,3,3-hex-
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amethyldisilazane (HMDS, special grade), 2-propanol
(IPA, extra pure grade) and n-hexane (extra pure grade)
were purchased from Kishida Chemical Ltd. (Japan). Dis-
tilled water (special grade) was from Hayashi Pure
Chemical Ltd. (Japan). The precursor 1,6-bis(trimethoxysi-
lyDhexane (BTMH) was from Gelest Inc. (USA).
Tetramethylammonium hydroxide (TMAOH, 25 % in
water) was from Tokyo Chemical Industry Co., Ltd.
(Japan). All reagents were used as received.

2.2 Preparation of aerogels and xerogels (Scheme 1)

All the starting compositions investigated in this study are
listed in Table 1, and the experimental procedures are
given in Schemes 1 (no post-treatment) and 2 (post-treat-
ment with HMDS). The range of molar ratio is BTMH/
water/TMAOH = 1:(2.55-4.47):(0.0345-0.173). In a glass
vial, 3.50 mL of DMF and a given amount of BTMH were
mixed, and then, a given amount of aqueous TMAOH was
added to the vial under vigorous stirring. After 2-min
stirring at room temperature, the sol was transferred into a
stainless steel container or a tetrafluoroethylene perfluo-
roalkoxy alkane (PFA) tube (cylindrical samples for the
three-point bending test) for gelation. Gelation (typically
1 h) and aging for 2 d in an oven at 60 °C were followed
by aging in water for 1 d in an oven at 60 °C. After aging,
gels were washed and solvent-exchanged with IPA at
60 °C for five times. Finally, CO, supercritical drying at
80 °C and 14 MPa was conducted for 10 h to obtain dried
aerogel samples. Some of the alcogels in IPA were solvent-
exchanged with n-hexane in a similar way and slowly dried
at ambient pressure at 40 °C for 3 d followed by 150 °C
for 3 h to obtain xerogels.

| BTMH, DMF |

0.75 M TMAOH |[—>{ RT

[5a]

Geletion, aging 60 °C
Aging in water 60 °C
Solvent exchange 60 °C

with 2-propanol

Wet gel |

Superecritical drying o Solvent exchange
with CO, 80°C, 14 MPa with n-hexane 40°c
Aerogel Ambient pressure 40 > 150 °C

drying

| Xerogel

Scheme 1 Synthetic procedure for aerogels and xerogels without
post-treatment
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Sample names are given in the following format:
BTx—y, where x and y denote hundred times the volumes
(in mL) of BTMH and TMAOH agq., respectively. For
example, BT40-15 means the one prepared from 0.40 mL
of BTMH and 0.15 mL of 0.75 M TMAOH. Please note
that the volume of DMF solvent is fixed as 3.50 mL in all
cases unless otherwise mentioned.

2.3 Preparation of hydrophobic aerogels
and xerogels (Scheme 2)

Hydrophobic aerogels were prepared via trimethylsilyla-
tion with HMDS. Wet gels washed with IPA were solvent-
exchanged with n-hexane at 40 °C for three times. After
solvent exchange in n-hexane, the gels were transferred
into a mixture of HMDS, TFA and r-hexane to modify the
surface of the wet gels. After trimethylsilylation for 3 d at
40 °C, the gels were washed with n-hexane two times in
order to remove the unreacted trimethylsilylating agent.
For evaporative drying at ambient pressure and tempera-
ture, the washed samples were put in an oven at 40 °C for
3 d followed by 150 °C for 3 h to obtain xerogels. For
supercritical drying for comparison, the washed samples
were solvent-exchanged with IPA at 60 °C for three times
and undergo CO, supercritical drying at 80 °C and 14 MPa
for 10 h, to obtain aerogels.

2.4 Measurements

The porous morphology of obtained aerogels was observed
with a field emission scanning electron microscope (FE-
SEM, JSM-6700F, JEOL, Japan). Bulk density was cal-
culated from the weight/volume ratio of the aerogel sam-
ples. For near-infrared (NIR) spectroscopy and visible light
transmittance measurements, a UV-Vis—NIR spectrometer
V-670 (JASCO Corp., Japan) equipped with an integrating
sphere ISN-732 was employed. Total light transmittance at
550 nm was normalized to the value of 10 mm thickness
by the Lambert-Beer equation. The normalized visible
light transmittance is denoted as 7. *°Si and '*C solid-state
NMR measurements were conducted on an Avance III
800 MHz (Bruker, Germany) spectrometer operating under
a static magnetic field of 18.8 T. A double-resonance probe
with a 4.0-mm magic angle spinning (MAS) probehead
was used. For cross-polarization (CP) processes, optimized
contact times were used: 5.5 and 4.0 ms for *°Si and '*C
CP/MAS measurements, respectively. The *°Si chemical
shifts were expressed as values relative to tetramethylsilane
(Me,Si) by using the resonance line at —9.66 ppm for
hexamethylcyclotrisiloxane crystals as an external refer-
ence. The '>C chemical shifts were expressed as values
relative to Me,Si by using the carbonyl carbon resonance
line at 176.46 ppm for glycine crystals as an external
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Table 1 Starting compositions BTMH/mL 0.75 M TMAOH/mL 0%/g cm ™ /% /%

and obtained properties of

aerogels™ BT20-15 0.20 0.15 0.16 88 22
BT25-15 0.25 0.15 0.18 86 36
BT30-15 0.30 0.15 0.20 85 40
BT35-15 0.35 0.15 0.18 86 49
BT40-15 0.40 0.15 0.20 85 54
BT40-15H° 0.40 0.15 0.18 86 56
BT45-15 0.45 0.15 0.22 83 58
BT35-05 0.35 0.05 0.14 89 45
BT35-10 0.35 0.10 0.20 85 48
BT35-20 0.35 0.20 0.20 84 42
BT35-25 0.35 0.25 0.20 85 37
BT60-15 0.60 0.15 0.22 83 57
BT60-15H" 0.60 0.15 0.22 83 56

? The amount of DMF is fixed as 3.5 mL
® Treated with HMDS before drying

¢ Bulk density

d Porosity obtained by (1 — py/ps) x 100 with p, being skeletal density of 1.29 g em ™3 [47]

Wet gel |

Solvent exchange
with n-hexane

HMDS, TFA

Trimethylsilylation

40 °C

40°C

Washing with n-hexane | 40 °C

Solvent exchange
with 2-propanol
Supercritical drying
with CO,

60 °C Ambient pressure
drying

| Hydrophobic xerogel |

40 > 150 °C

80 °C, 14 MPa

Hydrophobic aerogel |

Scheme 2 Synthetic procedure for hydrophobic aerogels and xero-
gels with post-treatment with HMDS

reference. The MAS spinning speed was set to 15 kHz
throughout this work. Mechanical properties of aerogels
were investigated with a material tester EZGraph (Shi-
madzu Corp., Japan). For uniaxial compression, carved
aerogels (typically bottom is ca. 10 x 10 mm?” and height
is ca. 6 mm) are compressed using a load cell of 5 kN. The
measurements were performed in the strain of 0-50 % by
uniaxial compression at a speed of 0.5 mm min~" and then
decompressed back to 0 N at the same speed. For three-
point bending, cylindrical-shaped (typical diameter of cross
section is ca. 7 mm) aerogels were bent using a load cell of
5 N with a distance between fulcrums of 20 mm. The
measurements were performed at a speed of 0.5 mm min ™"
until rupture occurs. Raman spectra were measured with a

Light transmittance at 550 nm through 10 mm equivalent specimen

Raman microscope XploRa (HORIBA, Ltd., Japan) with
an incident laser beam at 532 nm. Nitrogen adsorption—
desorption measurements with BELSORP-max (Micro-
tracBEL Corp., Japan) were performed on selected samples
to evaluate Brunauer—-Emmett-Teller (BET) surface area.
The samples were degassed under vacuum at 80 °C over-
night prior to the measurement.

3 Results and discussion
3.1 Pore properties of obtained aerogels

Appearances of the obtained aerogels from starting solu-
tions listed in Table 1 are shown in Fig. 1, and microscopic
structures of some of the obtained aerogels are presented in
Fig. 2. All these samples were prepared in the solvent
DMF, and no transparent or translucent samples have been
obtained in a number of other solvents including alcohols
(such as methanol), cyclic ethers (such as 1,4-dioxane and
tetrahydrofuran), dimethylsulfoxide, acetone and N-
methylformamide. Only DMF and N,N-dimethylacetamide
(DMACc) gave transparent or translucent aerogels. Those
prepared in DMAc were less transparent compared to those
prepared in DMF. The microstructures obtained with DMF
are the finest and most homogeneous compared to those
obtained with other solvents. In addition to the specific
hydrogen bonding between amides and silanol groups [44,
45], which is the basis for homogeneously incorporating
organic polymers in the sol-gel-derived silica gel matrix, it
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Fig. 1 Photographs of the
hexylene-bridged
polysilsesquioxane aerogels
obtained in the present study.
See Table 1 for starting
composition
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Fig. 2 FE-SEM images of aerogels; a BT25-15, b BT35-15, ¢ BT45-15

should be noted that the difference in polarity (solubility
parameter) of the polysilsesquioxane network and solvent
has to be minimized to avoid phase separation in the course
of sol—gel transition, because the phase separation induces
submicron- to micrometer-scaled coarsened structures that
scatter visible light [46].

Figure 3 exhibits the relationship among transparency,
bulk density and the amount of BTMH/0.75 M TMAOH agq.
in the starting solution. In part (a) showing BTx-15 series,
bulk density naturally increases with increasing amount of
BTMH, which can be also correlated with the microstructure
by FE-SEM; structure becomes denser with increasing
BTMH. In addition, light transmittance at 550 nm through
10 mm equivalent thickness also increases with increasing
BTMH, because the porous structure becomes finer. The
highest light transmittance reaches 58 % at bulk density of
0.22 g cm™>. With increasing amount of TMAOH in BT35-
x series shown in part (b), bulk density shows nearly constant
values irrespective of the amount of TMAOH aq. Bulk
density of BT35-05 is somewhat lower presumably due to
incomplete hydrolysis and polycondensation of BTMH with
the limited amount of water ([H,O]/[BTMH] = 2.55).

@ Springer

Transmittance decreases with increasing TMAOH aq., since
the phase separation is enhanced. The concentration and kind
of base (TMAOH and NaOH) did not give considerable
effects in the aerogel properties in the range between 0.5 and
1 M, but cracks more easily developed in the samples pre-
pared with NaOH as base. The increasing amount of solvent
DMF (2.50-4.50 mL, with BTMH 0.35 mL and 0.75 M
TMAOH 0.15 mL) reduces transmittance from 63 to 44 %
with a decrease of bulk density from 0.25 to 0.21 g cm ™.
Figure 4 presents '*C and *Si solid-state CP/MAS
NMR spectra of the aerogel sample BT40-15. Resonance
peaks at 13.1, 23.5 and 33.0 ppm in the '*C spectrum
correspond to o f§ and y carbons in the hexylene bridging
unit [48]. The small peak at 50.2 ppm shows residual
methoxy groups. In the *°Si spectrum, peaks at —47.4,
—56.7 and —66.3 ppm show, respectively, T', T* and T?
unit of silicon, where T" denotes the silicon species con-
nected to the next silicon with n siloxane bonds. From
these spectra, it is confirmed that highly cross-linked
polysiloxane networks with preserved hexylene bridges has
been formed. However, residual silanol groups attached to
T! and T? species cause irreversible shrinkage by forming
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Fig. 3 Bulk density and visible light transmittance for aerogels prepared from different amounts of a BTMH and b TMAOH aq

new siloxane bonds [49] upon compression as described
below.

3.2 Trimethylsilylation and its effects
on the mechanical properties

Upon molecular-level structural analyses by NMR and NIR
and mechanical tests as discussed below, it was found that
a certain amount of silanol groups remains on the resultant
aerogels, though the amount is smaller than those in acid-
catalyzed gels [48]. Since uniaxial compression—decom-
pression measurements show that aerogels are compress-
ible without breaking but do not recover as discussed later,
the silanols must be reduced for an improved spring-back
behavior. We selected a standard silylating agent HMDS to
reduce the silanols and render the silica-based gels
hydrophobic [50, 51]. In Fig. 5, near-infrared (NIR) spectra
of the non-treated BT40-15 and HMDS-treated BT40-15H

samples show clear differences in the silanol absorption
bands at ca. 4530 and 7250 cm™' (combination of
stretching and bending and first overtone of stretching of
the vicinal silanols, respectively) [52]. In addition, the
absorption band at 5283 cm™', assigned to the stretching—
bending combination of hydrogen-bonded water, is disap-
peared after the treatment with HMDS. Further, the NMR
spectra of BT40-15H shown in Fig. 4 present the appear-
ance of trimethylsilyl groups by the new peaks at 0.1 ppm
in °C (methyl carbon) and 7.7 ppm in 298i (M! silicon),
accompanied by the decrease of T' and T2 species. Thus, it
can be concluded that the residual silanol groups are
effectively reduced by the HMDS treatment. This suc-
cessful surface modification changes the surface property
of the treated aerogel into hydrophobic, and water forms
droplet on the outer surface of the aerogel.

Mechanical compression—decompression behaviors of
the non-treated, HMDS-treated and hydrophilic silica

Fig. 4 a "°C and b *°Si CP/ (a) 13C (b) 22Si
MAS NMR spectra of the T3
sample without (BT40-15) and
with (BT40-15H) silylation with
HDMS
M1 T2
BT40-15H BT40-15H
BT40-15 BT40-15 T
60 4 20 0 2020 0 20 -4 60 80 -100

Chemical shift/ppm

Qe B vy vy B a 9T

Chemical shift/ppm

=0~ S$i—CH;~CH,~CH,~CH,~CH,~ CH,~Si—OCHy/H

0

O
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aerogel samples are compared in Fig. 6. Bulk density of the
non-treated and treated samples (BT40-15 and BT40-15H,
Table 1) is 0.20 and 0.18 g cm ™, respectively. The non-
treated hexylene-bridged silsesquioxane sample shows
good strength and flexibility without breaking up to 50 %
strain. In contrast, a silica aerogel with similar bulk density
(0.20 g cm ™) undergoes serious cracking and collapsing
at strain as low as ca. 20 %. This striking difference results
from differences in the network structure, in which every
silicon in the polysiloxane network is bridged with the
flexible hexylene unit in the polysilsesquioxane samples,
and the hexylene bridges can deform to avoid the stress
concentration in the material. Furthermore, the compres-
sion—decompression behavior of the HMDS-treated sample

Transmittance (arb. unit)

== Non-treated (BT40-15)
=== HMDS-treated (BT40-15H)

6000 5000
Wavenumber/cm™'

7000 4000

Fig. 5 Near-infrared spectra of the samples without (BT40-15) and
with (BT40-15H) silylation by HMDS

= BT40-15
= BT40-15H
—— Silica aerogel

Stress/MPa

0 10 20 30 40 50
Strain/%

Fig. 6 Stress—strain curves obtained by uniaxial compression—de-
compression of aerogels without treatment (BT40-15, 0.20 g cm ™)
and with HMDS treatment (BT40-15H, 0.18 g cm ™). For compar-
ison, the stress—strain curve of silica aerogel (base-catalyzed,
hydrophilic) with similar bulk density (0.20 g cm™>) is also shown
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is further improved, meaning that resilience of the treated
sample is lower (27 %) than that of the non-treated sample
(40 %). The resilience of the treated sample can be further
lowered to <10 % after the decompressed sample is heated
at 80 °C for 1 d, because of enhanced relaxation of the
contracted network and pore structures. The timescale of
this relaxation behavior is more sluggish compared to the
PMSQ counterparts, which show faster spring-back at the
similar bulk density, presumably due to the enhanced vis-
coelasticity by the hexylene bridges. The similar behavior
is also observed in organic polymer gels in which the time
dependence of relaxation behavior varies depending on the
cross-linking density, extent of chain entanglement and
chemical structure [53-55].

Three-point bending tests have been performed on
BT60-15 and BT-60-15H (bulk density of both is
0.22 g cm ™), and the results are shown in Fig. 7 with that
of silica aerogel at 0.20 g cm . The bending property also
demonstrates superior flexibility as compared to the silica
counterpart due to the introduction of hexylene bridges in
the polysiloxane network. The strain value at catastrophic
collapse for BT60-15 is more than double compared to the
silica counterpart, and bending strength at the collapse is
also double. The HMDS-treated sample BT60-15H exhi-
bits further improved bending flexibility and strength as is
also shown in Fig. 8, due to the monolayer of the
trimethylsilyl groups and their repulsive nature [40]. The
maximum strain at failure is also around 40 % in the case
of PMSQ aerogels with bulk density of 0.14 g cm™ (not
shown), and the hexylene-bridged polysilsesquioxane
aerogels possess attractive potential to be a more flexible
aerogel.

0.6 T T

= BT60-15
= BT60-15H
—— Silica aerogel

Stress/MPa
©
S

o
(N

0 L 1 1
0 10 20 30 40

Strain/%

Fig. 7 Stress—strain curves obtained by three-point bending of
aerogels without treatment (BT60-15, 0.22 g cm ™) and with HMDS
treatment (BT60-15H, 0.22 g cm_s). For comparison, stress—strain
curve of base-catalyzed hydrophilic silica aerogel with similar bulk
density (0.20 g cm™>) is also shown



J Sol-Gel Sci Technol (2017) 81:42-51

49

3.3 Ambient pressure drying toward aerogel-like
xerogels

Since the spring-back behavior on compression directly
influences the same behavior in the course of evaporative
drying, where the samples undergo a similar compression—
decompression deformation cycle due to surface tension of
the evaporating solvent, the reduced resilience is advanta-
geous in the preparation of aerogel-like xerogels by
ambient pressure drying, which is the most promising
process to reduce the production cost [22, 56, 57]. During
ambient pressure drying of the sample BT40-15(H), the
temporal shrinkage and relaxing (spring-back) behavior
have been observed in the course of evaporation of the
solvent (and successive rigorous drying at 150 °C in the
case of the HMDS-treated sample). Bulk density of BT40-
15 xerogel is 0.31 gcm ™ and that of BT40-15H is
0.13 g cm™>, which can be compared to those of super-
critically dried aerogels (0.20 and 0.18 g cm™>, respec-
tively, Fig. 9; Table 2). Boday et al. [38] dried hexylene-
bridged polysilsesquioxane hydrogels at an ambient con-
dition, resulting in higher irreversible shrinkage and higher
density (0.78 g cm™>) due to the higher surface tension of
the drying solvent, water. It is also reported that silica
xerogel granules [58] and films consisting of homogenized
particles [59] can be obtained from hydrophobized silica
wet gels by ambient pressure drying accompanied by
spring-back. However, no monolithic aerogel-like xerogels
have been reported due to serious cracking during the
spring-back process.

Bulk density of BT40-15H xerogel is largely lowered
compared to the corresponding aerogel, though that of
BT40-15 xerogel is apparently high due to irreversible
shrinkage caused by residual silanols as mentioned earlier.

Fig. 8 Photograph showing the bendability of an HMDS-treated
sample (BT60-15H) during three-point bending test

The network and porous structure in BT40-15H xerogel
have been almost fully relaxed presumably because of the
final drying at 150 °C for 3 h, whereas those in BT40-15H
aerogel dried at 80 °C have not been fully relaxed from
possible deformations of the viscoelastic network induced
during the sol-gel and supercritical drying processes [60].
In addition, possibility of slight shrinkage during super-
critical drying may come from finite contraction by non-
ideal surface tension. The similar values of BET specific
surface area of these samples suggest that there are negli-
gible changes in the colloidal network structures even
when there is serious shrinkage.

Light transmittance values of these samples are 68 % for
BT40-15 and 71 % for BT40-15H (Table 2). Whereas
BT40-15 xerogel is highly shrunk and densified, BT40-15H

p,=0.20gcm 0.18 gcm™3

BT40-15 xerogel
0.31gcm3

BT40-15H xerogel
0.13gcm™3

Fig. 9 Appearance of the aerogel from supercritical drying and
xerogels from ambient pressure drying based on the starting
composition BT40-15. Sample size does not accurately reflect
irreversible shrinkage. Sample thickness of BT40-15H xerogel is
8 mm and the others 5 mm

Table 2 Starting compositions and obtained properties of aerogels

pp/g cm ™3 &l % T/% dypr/m? g~ !
BT40-15 aerogel 0.20 84 54 874
BT40-15H aerogel 0.18 86 56 924
BT40-15 xerogel 0.31 76 68 918
BT40-15H xerogel 0.13 90 71 893

# BET-specific surface area from nitrogen adsorption—desorption
measurements
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xerogel shows low density together with good light trans-
mittance, which can be compared to standard silica aero-
gels and PMSQ xerogels. The low-density, transparent
xerogel by ambient pressure drying has been for the first
time obtained from a bridged alkoxysilane precursor.

4 Conclusions

Transparent aerogels have for the first time been prepared
from 1,6-bis(trimethoxysilyl)hexane via a one-step base-
catalyzed sol-gel process in a solvent N,N-dimethylfor-
mamide and supercritical drying. As compared to silica
aerogel counterparts, the resulting hexylene-bridged
polysilsesquioxane aerogels show improved bendability
and compressibility without collapsing; however, they
show limited resilience after unloaded. Since residual
silanol groups in the resulting aerogels are found to hinder
the shrinkage-reexpansion (spring-back) behavior on
compression—decompression, a liquid-phase post-treatment
with hexamethyldisilazane has been performed to mini-
mize the silanol groups. This hydrophobization process
leads to further improvements in the compression and
bending properties in such a way as an improved spring-
back behavior with higher resilience, which is advanta-
geous in ambient pressure drying to obtain an aerogel-like
xerogel. Evaporative drying from n-hexane has resulted in
a monolithic xerogel with good transparency (71 % at
550 nm through 10 mm) and low density (0.13 g cm™).
The hexylene-bridged polysilsesquioxane xerogel materials
with the good mechanical properties are attractive as a
candidate for practical thermal superinsulators.
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